Introduction 43
The vast majority of the energy gained by the climate system during periods of global 44 radiative imbalance is stored within the global ocean (e.g., Levitus overturning strength because of their influence on abyssal stratification (Ito and Marshall, 2008) . A 98 misrepresentation of these abyssal diapycnal mixing processes could introduce biases into the 99 lower cell dynamics. 100
The descending branch of the lower cell is sustained by buoyancy loss at high latitudes via 101 the interaction of cold, salty water that is rejected during sea ice growth (especially in coastal 102 polynyas and leads); extremely cold, fresh water formed from sub ice-shelf melting; and 103 comparatively warm, salty Lower Circumpolar Deep Water (LCDW) that upwells near the coast 104 One limitation of this model, of particular relevance to this study, is the absence of 161 interactive ice shelves. Instead, the mass balance of Antarctica is enforced by uniformly freshening 162 and cooling the ocean at the continental margin by any precipitation reaching the Antarctic 163 continent that causes the snow depth to exceed a maximum value of 1m, termed "ice 164 runoff". Raising carbon dioxide results in an increase in ice runoff owing to higher snowfall rates 165 over Antarctica from increased poleward moisture transport. However, in this model, the reduction 166 in sea ice formation and increase in precipitation over the ocean near Antarctica are a much greater 167 source of anomalous freshwater than Antarctic ice or meltwater runoff (see Kirkman and Bitz, 168 2011) . 169 170
2b. Isopycnal Overturning and Water Mass Transformation 171
A challenge to understanding the impact of model resolution on circulation is the 172 certainty that increasing resolution will affect multiple processes simultaneously. We try to assess 173 the relative importance of different processes in altering the circulation by employing the water-174 mass-transformation framework, first introduced by Walin (1982) and further developed in many 175 subsequent studies (e.g., Speer and Tziperman, 1992 and mean MOC components: 187
The transient eddy-induced MOC emerges as a result of explicitly resolved eddies in HR, while in 189 LR, it is computed from the GM parameterized bolus velocity field using Eq. 1 with = !"#$% . 190
At either resolution, the impact of standing eddies and gyres as well as any steady correlations 191 between density and non-zonally uniform flow can be expressed as the difference between the 192 mean isopycnal MOC and a depth-space MOC, ! (Dufour et al., 2012) , the latter of which is 193 calculated in the more traditional method relative to surfaces of constant depth. 194
The isopycnal circulation ! persists on a global scale because of the continual 195 redistribution of seawater between density classes. As illustrated in Fig. 1 , the volume of a region 196 of the ocean, V, below and southward of isopycnal and latitude y varies with the volume flux 197 across its boundaries. Considering the volume, V, south of any given and y, the volume inflation 198 can be expressed as: 199
where the latter two terms together represent water mass transformation, with , , induced 201 by air-sea fluxes at the sea surface (surface transformation) and , , induced by mixing 202 across density surfaces in the interior (interior transformation). A general definition of surface 203 transformation, !"# , is: 204
. 205
where !"#$ is the spatial distribution of surface density flux, a function of heat and freshwater 206 fluxes ( !!"# and !"#$% , defined positive downward): 207
Here, and are the coefficients of thermal expansion and saline contraction, respectively, ! is 209 the specific heat of seawater, ! is a reference seawater density, !" is the density of freshwater, 210
and ! is a reference salinity. To directly compare surface transformation to the circulation at a 211 given latitude, y, as in Eq. 3, we must consider only the net surface transformation occurring south 212 of y, which we call simply F. This can be calculated as: 213
where ℋ is the Heaviside function and !"# is the lowest density to outcrop at latitude y. The 215 term is positive toward lighter densities for direct comparison with the MOC in the Southern 216
Hemisphere. The interior transformation, , can be defined similarly to F, however doing so 217 requires knowledge of time-varying, three-dimensional diffusive fluxes, which were not saved for 218 these simulations due to data storage limitations. Instead, we follow Marsh et al. (2000) and 219
calculate Dmix at latitude as a residual of the other terms in Eq. 3. This effectively measures the 220 path integrated interior transformation at each density between the surface and y. With this method, 221
we cannot identify the specific mixing processes responsible for interior diapycnal volume fluxes, 222 though we can gain insight into the relative importance of surface and interior transformation on 223
MOC strength. 224
It is important to note two caveats to our analysis. First, we use a reference pressure of 225 2000 dbar to calculate potential density, known as ! , for both our surface transformation and 226 MOC calculations, since our focus is on the deep ocean; however, the choice of reference pressure 227 may affect our results (Iudicone et al., 2008, Stewart and Thompson, 2015b ). Secondly, due to 228 prohibitive amounts of data generated in HR, we were restricted to saving monthly data, meaning 229 that higher frequency transient behavior isn't captured in our analysis. Ballarota et al. (2013) 230 explored the temporal and spatial scales at which transient behavior was most influential: though 231 daily timescales were important to the upper MOC cell, their impact was much smaller in the 232 lower MOC cell. Furthermore, in a spectral analysis of eddy heat fluxes in the same class of eddy-233 resolving model, Abernathey and Wortham (2015) found that sub-monthly variability makes a 234 negligible contribution to the total heat flux. Thus, we expect to capture the majority of transient 235 fluctuations most relevant for our analysis. 236 237
Control State Results 238
It is essential to understand the mean state of the Southern Ocean at each resolution to 239 interpret how resolution affects the response to carbon dioxide forcing. Compared to LR, HR 240 produces consistently saltier and colder waters on the continental shelf and throughout the deep 241 Southern Ocean (Fig. 2a-f are too saline. This salinity bias is more pronounced in HR, which may be the result of non-local 247 processes impacting the salinity of upwelling circumpolar deep water (CDW), such as by brine 248 rejection from sea ice in the Northern Hemisphere (Kirtman et al., 2012) . Bottom waters formed in 249 HR are too cold in some regions, while bottom waters in LR are consistently too warm. An 250 example of these large-scale properties is shown along an Indian Ocean transect (WOCE 251 identification IO8 in Fig. 2g-l) , though we note that the comparison between each model and 252 observations varies significantly with region. 253
These zonally averaged properties arise from rich spatial structures. Irrespective of 254 resolution, the densest waters in the abyssal ocean (Fig. 3c-d ) outcrop in the coastal regions of the 255
Ross and Weddell Seas (Fig. 3a-b) . The waters extending from the high latitude surface into the 256 abyssal ocean are notably denser in HR. The densest of these bottom waters emanate from the 257 Ross and Weddell continental shelves, as is illustrated by the distribution of ocean bottom 258 temperature and salinity (Fig. 4) . Both the density and the density response to increased resolution 259 are highest in these shelf regions, and both decrease with distance from the shelf following 260 topographically driven AABW export pathways. These distributions imply that differences in 261 surface properties propagate into the deep ocean from these locations. 262
To understand how differences in stratification and abyssal properties are manifested in the 263 large-scale circulation, we examine the MOC south of the equator. In Fig. 5 we show the relative 264 contributions towards the circulation ! from each of the components in Eq. 2. In our control 265 simulation, the volume inflation contributes only a small term (on order 1 Sv) and thus we ignore it 266 in this calculation. To visualize the spatial distribution of the large-scale isopycnal circulation, we 267 have projected each component onto the depth of each mean isopycnal in Fig. 5 . 268
We focus our analysis on differences in the lower cell, which emerge more robustly when 269 the circulation is defined along isopycnals ( ! ). In light of the recent focus on model resolution in 270 the upper cell, as mentioned in the introduction, it is noteworthy that in this model, features of the 271 lower cell vary significantly with resolution. There are two distinct local minima in ! (see Fig.  272 5a-d). One minimum is associated with the export of dense surface waters into the abyssal ocean 273
and their return flow, contained south of 55° S, which we define as the "sub-polar range" of the 274 indicating that resolved eddies may alter the northward export of very dense AABW. Further, it is 288 possible that we underestimate the strength of the HR eddy-induced cell by using monthly 289 velocities in Eq. 1, particularly in the upper cell where daily correlations between velocity and 290 temperature may become more important (Ballarotta et al, 2013) . 291
In contrast to ! ! , there are striking resolution-dependent differences in the mean isopycnal 292 In contrast, the majority of lower cell overturning occurs south of 50° S in LR, north of which 299 abyssal overturning becomes relatively weak (with a maximum of 6 Sv). 300
The influence of resolution on surface and interior processes driving diapycnal volume 301 exchange can be compared via Eq. 3. Implicit to this analysis is the notion that both surface fluxes 302 and interior mixing processes can change the density of seawater on a given isopycnal, and in turn, 303 any change in density must drive a volume flux of seawater across isopycnals; the transformation 304 (separated into components F and Dmix) describes these induced volume fluxes. The sign of the 305 transformation denotes the direction of this volume flux, where a positive transformation is a 306 volume flux towards lighter isopycnals. Any slope in the transformation rate indicates that the 307 diapycnal volume flux differs across neighboring isopycnals, thus inducing a convergence or 308 divergence of seawater volume into or out of a given density class. In steady state, the convergence 309
[divergence] of volume into a density class will necessitate export [import] of water at that density, 310
i.e. its formation [destruction] . 311
The surface transformation function ( , , in Eq. 3) at 30° S captures the surface 312 regeneration of the major water masses of the Southern Ocean, specifically, the regions of net 313 positive transformation and net negative transformation associated with the upper cell and lower 314 cell, respectively (see Fig. 6 ). Waters in the small density range of the lower cell (which differs 315 slightly between models: ~36.82 ≤ ≤ 37.72 in HR and ~36.2 ≤ ≤ 37.54 in LR) occupies 316 ~70% of the volume of the Southern Ocean; we focus our analysis on a shared density range which 317 encompasses the majority of this cell at both resolutions ( !"#$% !"## defined as 36.72≤ ≤ 37.72). 318 Downwelling AABW is formed across the range of net volume flux convergence (≥37.25 in HR 319 and ≥37.12 in LR), so transformation across this density range is of particular importance to 320 understanding what "drives" descent from the surface. 321
To diagnose the distribution of interior transformation, Dmix, we consider how ! varies 322 with density at a given latitude y o . We then compare ! to the other terms in Eq. 3 (recalling that 323 volume inflation is negligible) at several latitudes over the density range of the lower cell; the 324 degree to which ! and F differ will indicate the impact diapycnal mixing has had on the 325 circulation at each latitude. Fig. 7 illustrates the relative strength of
38° S, and 30° S. 327
We first examine ! = 64° S, chosen as a compromise between the northern extent of the 328
Ross and Weddell shelves to capture how flow from the continental shelf into the abyssal ocean 329 transforms water masses. Here, ! bears a close connection to ( Fig. 7a and b ). Vigorous surface 330 transformation leads to a peak in ! at ~37.25, in HR and ~37.15 in LR; this peak is modestly 331 increased by the diapycnal mixing of very dense waters along their descent from the shelf into the 332 abyss (i.e., drives a volume flux of 6 Sv in HR and 8 Sv in LR from the densest waters into 333 the peak flow in ! ). Somewhat surprisingly, the magnitude and relative distribution across 334 density classes of this is similar between resolutions, though it is translated to slightly denser 335 classes in HR because of the higher densities of waters formed at the surface. So, while a number 336 of ocean processes may depend on resolution, together these processes don't result in significant 337 resolution dependence in diapycnal volume transport, and thus large-scale circulation patterns, 338 south of this latitude. Though some export off the Weddell continental shelf may occur northward 339 of 64° S, Fig. 5a and b indicates that much of the total descent has occurred by this latitude. We 340 conclude that the flux of dense water into the high latitude abyssal ocean differs with resolution 341 primarily because more of it is being made at higher densities at the surface in HR. 342 A similar breakdown of the streamfunction in the abyssal range of the lower cell can be 343 made at 38° S ( Fig. 7c and d) . At either resolution, there is significant diapycnal mixing and 344 associated adjustment of the isopycnal circulation between 64°-38° S. The mixing between 64°-38° 345 S (dashed green line in Fig. 7c and d) In sum, both surface transformation and interior transformation are key to sustaining the 359 circulation across the latitudes sampled here, as is anticipated in a (approximate) steady state. 360
However, the relative importance of surface and interior transformation processes, and resolution 361 dependence therein, has a consistent spatial structure, one which may have important effects on the 362 pattern and mechanisms of ocean heat uptake, as discussed in the next section. 363
To uncover the actual oceanic processes responsible for the distribution of water mass 364 transformation, we first consider surface transformation in more depth. Fig. 6 illustrates the 365 relative roles of heat and freshwater fluxes in transforming surface waters. Somewhat surprisingly, 366 in light of the strong control salinity variations exert on the density of polar waters, heat loss 367 contributes most significantly to buoyancy loss across !"#$% !"## at both resolutions (but especially 368 so in HR). Salt input contributes significantly only at very high densities in this density range, 369 again particularly so in HR, though sea ice melt and precipitation are important to the 370 transformation of lighter waters. The spatial distribution of surface transformation per unit area, 371 over several key density classes in !"#$% !"## elucidates why this is so (Fig. 8) . 372
These "transformation maps," or distributions of diapycnal velocity, are constructed from 373 the 20-year mean of monthly estimates and capture the covariance of isopycnal migration and 374 surface fluxes. These distributions demonstrate the important control isopycnal surface area has on 375 total transformation rates (recall Eq. 4). Both heat and salt fluxes induce strong density gain at very 376 high densities in the coastal polynyas of the Weddell and Ross Seas (and the entire coastal 377
Antarctic region at decreasing densities) because of the intensity of brine rejection and the reduced 378 control of heat fluxes on the density of very cold water. However, the total area of these coastal 379 polynyas is relatively small, especially in HR, so the associated transformation is not substantial. 380
The greater impact of salt rejection in LR follows from the larger spatial scale over which sea ice 381 is formed. Perhaps counter-intuitively, relatively lower surface density fluxes associated with heat 382 loss over broader regions of the sea ice pack account for more total transformation because they 383 act over a larger area. In LR, dense isopycnal outcrops migrate over a smaller area than in HR, 384 such that even extreme heat losses near the coast drive less total transformation at equivalent 385 densities. At either resolution, the Ross and Weddell Sea regions are of particular importance in 386 part because of their southward extent: they host large areas of continental shelf and sea ice, 387 through which dense isopycnals can maintain contact with the surface over much of the year. Sea ice is well known to mediate rates of surface heat loss (Maykut, 1982) . In HR, the sea ice 398 is thinner and less extensive than in LR, in better agreement with observations, as discussed in 399 depth by Bryan et al. (2014) . While ice thickness is likely sensitive to ocean heat transport into the 400 ice-zone, the resolution of ice dynamics also plays a central role in regulating ice thickness, and 401 thus heat loss. In HR, finely-spaced grid cells allow sea ice to respond to more localized 402 atmosphere and ocean conditions, leading to more pervasive and smaller-scale coastal polynyas. 403
This leads to higher rates of brine rejection hugging the coast, in better agreement with 404 observations (Willmott et al., 2007) . In the pack ice, higher resolution enables a greater magnitude 405 of divergence/convergence and shear, which creates the "leads" that are endemic to the observed 406 Antarctic ice pack (Willmott et al., 2007) . Lead opening exposes the ocean surface to the cold 407 atmosphere in winter, driving enormous heat loss and rapid new ice formation. The resulting 408 "frazil ice" only forms in open water (in our model), and is thus a proxy for the continuous 409 exposure of the ocean surface. The rate of frazil ice formation has a broad peak, spanning austral 410 fall through spring in HR (Fig. 9a.) . In contrast, frazil ice formation in LR is sharply peaked in 411 austral fall and is relatively weak in winter. The timing in LR is consistent with the northward 412 expansion of the sea ice extent in fall, while the prolonged frazil ice production in HR indicates the 413 consistent opening of polynyas and leads throughout the winter. These dynamics maintain more 414 thin ice throughout the ice-covered waters in winter in HR (not shown), which drives areas of 415 intense heat loss, as illustrated in Fig. 8a and 9b . The extremity of heat loss experienced through 416 the sea ice in HR contributes to the northerly transit of dense isopycnal outcrops in winter; the 417 outcrops in LR migrate less due to the insulating effects of its thicker ice pack and less frequent 418 leads and polynyas. 419
Diagnosing the processes inducing different rates of diapycnal-mixing driven 420 transformation is more difficult, given our methods of calculation. Generally, models must 421 homogenize properties like temperature and salinity over the grid scale, a consequence of 422 discretizing a continuum; simply reducing grid-cell size reduces this spurious diffusion and 423 enables the formation of smaller-scale density gradients. This likely improves the scale of dense 424 overflows resolved in HR, especially because bathymetry is better resolved. However, as is evident 425 in Fig. 7 , these processes have a minimal effect on altering the circulation south of 64° S, which 426 may in part be a consequence of the small volume of the high latitude ocean, since volume has a 427 strong control on transformation rates. 428
North of 64° S, an increase in resolution significantly impacts the magnitude of mixing. resolutions is shown at 30° S (Fig. 10) , at a latitude chosen due to the large contrast in abyssal 440 circulation strength apparent in both the isopycnal and depth-space overturning in given a similar flux of dense water into the abyssal ocean. While the formation of boundary 448 currents, and the mixing that erodes them, are coupled, further unraveling their interactions is 449 beyond the scope of this article. 450
As a final diagnostic of the Southern Ocean circulation state and its dependence on 451 resolution, we consider the twenty-year average integrated heat content tendency for a control 452 volume bounded at 30° S, below each depth * , and spanning all longitudes. For HR: 453
and for LR: 456
Note that the sign convention is such that positive vertical fluxes across the upper bounding 459 surface, * , are acting to increase the heat content of the control volume. Here = , , , is 460 potential temperature, u = u( , , , ) and w = ( , , , ) are the horizontal and vertical velocity, 461 respectively, an overbar denotes a time-mean, the prime denotes a deviation from the time mean, 462 the subscript "b" denotes a bolus field in LR, ! is the specific heat capacity for seawater, and ! is 463 a reference density. Plotted in Fig. 11 is the heat content tendency (labeled , surface 500 water mass transformation, ∆ , and implied interior mixing, ∆ (see Fig. 14) . In both LR and 501 HR, the significant ∆ ! at 64° S can be primarily attributed to ∆ ; this affirms the close 502 connection between surface transformation and flow in the sub-polar range as diagnosed in the 503 control climate. Further, ∆ at 64° S is largely explained by the magnitude and pattern of ∆ . 504
In other words, the reduction in shelf water mixing directly reflects the reduction in shelf water 505 production. Further to the north, at 38° S, there is little ∆ ! at either resolution. The large change 506 in mixing-driven transformation between these latitudes (which is primarily a reduction in the 507 effectiveness of mixing in the control simulations, i.e. of the same shape but of opposite sign) can 508 again be explained as the result of a reduction in downwelling dense waters. Further north yet, at 509
30° S, ∆
! is increasingly small, implying a very small reduction in mixing between 38°-30° S. 510
Greater changes at these latitudes may occur over time, as the influence of high latitude processes 511 spread northward; however, such changes aren't captured in our simulations. There is some 512 redistribution of isopycnal volume from very dense to slightly less dense water classes, though it is 513 small compared with ∆ . 514
In the control, ! is sustained by both and , though the influence of each varies 515 with latitude. In contrast, these transient results suggest that the ∆ ! is almost entirely explained 516 by a reduction in surface transformation, particularly so in the sub-polar range. Further, the 517 resolution dependence of ∆ primarily explains the resolution dependence of ∆ ! . Since the 518 pattern of ∆ is both more peaked and confined to denser isopycnals in HR, ∆ ! in HR is larger 519 and extends deeper in the water column than in LR. In HR, this peak is ~15 Sv and is centered at 520 an average depth of 3.8 km; in LR, the peak reduction is ~12 Sv and is centered at an average 521 depth of 1.7 km. 522
The surface transformation function response to carbon dioxide doubling is largely 523 attributed to a reduction in surface heat fluxes. We interpret this as follows: in a warmer climate, 524 there is a reduction in the air-sea temperature contrast in the coastal ocean, especially in wintertime, 525 inducing a reduction in heat lost through the sea ice pack. The reduction in heat loss in response to 526 carbon dioxide doubling is strongest in the winter months, and the (positive) anomaly in surface 527 transformation occurs almost entirely in winter. Surface warming also drives a thinning of the ice 528 pack irrespective of resolution. Sea ice volume is reduced by 40% in LR and 26% in HR. While 529 there is some decrease in ice extent at each resolution, this volume reduction is mainly caused by 530 changes in ice thickness. This relatively greater thinning in LR is characteristic of thicker ice in the 531 mean state (Bitz and Roe, 2004) . Because thinner ice is less insulating, thinning provides a 532
damping effect on what would otherwise be a larger reduction in heat loss in response to warming 533 air temperatures. This damping effect is greater in LR because of the more substantial thinning in 534 LR, revealing how sensitive the response to carbon dioxide doubling of the sea ice-atmosphere-535 ocean system can be to the mean state ice thickness. Lastly, larger changes in the meridional 536 circulation in HR may reduce the rate of heat convergence into very dense waters this region. The 537 shape of the anomaly in surface transformation is also impacted by a shift in the spatial distribution 538 in surface densities. These combined changes drive the larger reduction in surface water mass 539 transformation across a narrower range of denser waters in HR (note the differences in positive 540 anomalies peaked around 37.25 in HR and 37.18 in LR). A shift in the density classes into which 541 sea ice melts partially offsets the strong reduction in buoyancy loss from reduced heat loss in 542 slightly lighter waters. 543
The circulation response to carbon dioxide doubling, and the sensitivity of each model to 544 surface transformation changes, leads to a strikingly different distribution of ocean warming with 545 resolution, particularly in the high latitude abyssal ocean. Fig. 15a-b illustrates the zonal average 546 temperature change with depth. In HR, warming extends along the path of dense water formation, 547 from the coast into the abyssal ocean. In LR, warming is confined to the surface and mid depths, 548 with nearly no warming of the abyssal ocean below 3500 m. These warming patterns lead to 549 important differences in the total heat uptake with depth in the Southern Ocean (Fig. 15c) . Changes 550 in heat content are primarily explained by anomalous advective heat fluxes, as illustrated Fig. 16 . 551
In HR, the total advective warming into the ocean volume south of 30° S is a result of anomalous 552 positive vertical and horizontal eddy heat fluxes and anomalous vertical fluxes by the mean flow, 553 which are partially compensated by anomalous negative horizontal fluxes by the mean flow (not 554 shown). In LR, the total advective warming is primarily a result of anomalous vertical eddy fluxes, 555 which are also partially compensated by anomalous negative horizontal fluxes by the mean flow. 556
As can be seen in heat flux response to carbon dioxide doubling as: 562
where H.O.T. stands for higher order terms. Because we cannot calculate sub-monthly correlations 564 between velocity and temperature, our calculations of the relative roles of eddy heat flux response 565 are imperfect. With this caveat, we find that the total advective heat flux response due to changes 566 in MOC strength, via ∆ , is responsible for 2-3 times (depending on the depth) more of the 567 warming below 2000 meters than changes in the temperature field, ∆ . Thus, a redistribution of 568 ocean heat by the circulation response to doubling carbon dioxide is a key component of Southern 569
Ocean warming. Here, we call attention to the influence of increased model resolution on the behavior of 582 other fundamental small-scale processes, in particular sea ice divergence and shear and the 583 formation of small-scale ocean density gradients and flows. These processes are generally only 584 resolved to the extent that grid spacing permits-without additional sub grid-scale 585 parameterizations. The increased resolution of these processes has a major influence on the mean 586 isopycnal flow of the lower cell in this model. To quantify the spatial distribution of processes 587 sustaining this circulation, and contributing to circulation differences with resolution, we consider 588 the evolution of water mass transformation (see, e.g., Walin, 1982) 
across latitudes of the Southern 589
Ocean and focus on lower cell density classes. We conclude that downwelling near Antarctica is 590 consistent with heat loss from isopycnal outcrops in the vicinity of leads in the sea ice pack, the 591 simulation of which is greatly improved by increased resolution: these fine-scale, intermittent sea 592 ice openings (polynyas and leads) are more frequent at higher resolution, enabling vast areas of 593 thinner ice and more efficient surface heat loss over localized scales. Greater heat loss from very 594 dense isopycnals at high resolution is sustained by a greater diapycnal convergence of heat into 595 these density classes by the flow. The resolution dependence of transient eddy fluctuations across 596 the shelf front (i.e., Stewart and Thompson, 2013 ) may play a role diapycnal heat fluxes. However, 597 even our higher resolution experiment is too coarse to explicitly resolve their dominant scales at 598 the shelf front. 599
As water flows northward from the shelf regions into the abyssal ocean, transformation 600 from diapycnal mixing processes contributes increasingly to patterns of flow. Progressively greater 601 interior transformation is expected as the volume of most density classes increases over the 602 immediate domain northward from the continental shelves; correspondingly distinct patterns of 603 interior transformation between resolutions emerge as different dynamics act on progressively 604 larger volumes of water. Our higher resolution case forms more vigorous, small scale DWBCs, and 605 experiences less diapycnal mixing of dense waters, sustaining a stronger abyssal circulation; 606 vigorous mixing damps abyssal overturning strength dramatically at lower resolution. These 607 differences may be tied in part to a reduction in numerical mixing, though such mixing can persist 608 in eddying models (Urakawa and Hasumi, 2014) . 609
In the approximate steady state of our control simulation, processes regulating the 610 transformation of seawater at the surface and in the interior together sustain the lower cell 611 circulation. In contrast, we attribute changes in flow in response to a doubling of carbon dioxide 612 predominantly to reductions in surface transformation. While the reduction in surface 613 transformation leads to a dramatic reduction in overturning irrespective of resolution (14 Sv at 614 high resolution, a reduction of ~54%, and ~10 Sv at lower resolution, a reduction of ~45%), these 615 overturning changes are greater and deeper on average at high resolution because of a larger 616 reduction in heat loss-induced transformation. There is a decrease in diapycnal mixing throughout 617 the abyssal Southern Ocean with carbon dioxide doubling, though the magnitude of this decrease 618 directly reflects the reduction in upstream dense water production at the surface. These results 619 emphasize an important aspect in the dynamics of the lower cell circulation omitted from several 620 theoretical and idealized studies (e.g., Ito and Marshall, 2008 , Nikarushin and Vallis, 2011 , 2012 . 621
While these studies include a simplified form of buoyancy loss in the high latitudes, they don't 622 include a theory for the sensitivity of the circulation to changes in surface fluxes. In the absence of 623 any evolving surface buoyancy forcing, their results stress the lower cell's sensitivity to other 624 processes: particularly, changes in southward eddy heat fluxes across the ACC, westerly wind 625 strength, and abyssal mixing rates. These insights are crucial to understanding the system, but have 626 limitations. Our results suggest that the lower cell circulation is most sensitive, at least in a "global 627 warming" type of perturbation, to changes in surface heat loss with atmospheric warming, and that 628 this heat loss is sensitive to surface processes. This is supported in the conceptual frameworks of ). This mechanism of heat uptake is certainly 653 active in our model, as evident by the significant mode water warming around 65°-35° S (Fig. 15a-654 b). However, while the heat uptake of the Southern Ocean varies little with resolution (2.5×10 !" J 655 at high resolution and 2.4×10
!" J at low resolution), more of this heat enters the lower cell in our 656 simulations in our high-resolution experiment. This changes the distribution of heat with depth 657 (Fig. 15c) 
